Background. Intrahepatic cholangiocarcinoma (ICC) often is a diagnosis determined by exclusion. Distinguishing ICC from other metastatic adenocarcinomas based on histopathologic or immunohistochemical analysis often is difficult and requires an extensive workup. This study aimed to determine whether albumin, whose expression is restricted to the liver, has potential as a biomarker for ICC using a novel and highly sensitive RNA in situ hybridization (ISH) platform. Methods. Modified branched DNA probes were developed for albumin RNA ISH. The study evaluated 467 patient samples of primary and metastatic lesions. Results. Of the 467 samples evaluated, 83 were ICCs, 42 were hepatocellular carcinomas (HCCs), and 332 were nonhepatic carcinomas including tumors arising from the perihilar region and bile duct, pancreas, stomach, esophagus, colon, breast, ovary, endometrium, kidney, and urinary bladder. Albumin RNA ISH was highly sensitive for cancers of liver origin, staining positive in 82 (99 %) of 83
ICCs and in 42 HCCs (100 %). Perihilar and distal bile duct carcinomas as well as carcinomas arising at other sites tested negative for albumin. Notably, 6 (22 %) of 27 intrahepatic tumors previously diagnosed as carcinomas of undetermined origin tested positive for albumin. Conclusions. Albumin RNA ISH is a sensitive and highly specific diagnostic tool for distinguishing ICC from metastatic adenocarcinoma to the liver or carcinoma of unknown origin. Albumin RNA ISH could replace the extensive diagnostic workup, leading to timely confirmation of the ICC diagnosis. Additionally, the assay could serve as a guide to distinguish ICC from perihilar adenocarcinoma.
The diagnosis of intrahepatic cholangiocarcinoma (ICC) is one of the most difficult for a clinician to make when a patient presents with a newly identified hepatic mass. Although ICC is the second most common primary liver cancer, this neoplasm continues to be a diagnosis determined by exclusion. 1, 2 Our ability to make the diagnosis has not improved over the last several decades, although the incidence of ICC has been steadily increasing.
Usually, ICC presents as a solitary lesion, but it also can present as multiple intrahepatic lesions. 3, 4 Only subtle histopathologic differences exist between ICC and metastatic adenocarcinoma to the liver, making the diagnosis of ICC difficult. Pathologists most often resort to evaluating keratin profiles of the tumor including keratin 7, keratin 19, and keratin 20. Unfortunately, a majority of metastatic adenocarcinomas share this keratin 7?, keratin 19?, and keratin 20-profile, making immunohistochemistry nondiagnostic.
Surgeons, medical oncologists, and radiation oncologists generally require a definitive diagnosis before rendering a treatment decision. Because pathologic examination with immunohistochemistry often is unable to distinguish primary adenocarcinoma from metastatic cancer, patients must undergo an exhaustive evaluation to exclude a potential primary carcinoma at other sites. 3 Blood work also is not very helpful given that the commonly used tumor markers [i.e., cancer antigen (CA) 19-9, carcinoembryonic antigen, a-fetoprotein, and CA125] are not specific to ICC. 5 Therefore, patients are subjected to upper gastrointestinal endoscopy to rule out a gastric or duodenal source and colonoscopy to rule out a colorectal primary. Other tests often are considered include a cervical pap smear, mammogram, computed tomography, magnetic resonance imaging, and positron emission tomography.
Only when many or all of these examinations show negative results do physicians often feel comfortable making the diagnosis of ICC. Unfortunately, these studies not only take time but also place patients at risk for procedure-related complications. The cost of these tests to the health care system also is significant. A sensitive and specific marker for the diagnosis of ICC is urgently needed to improve the care of patients.
We identified albumin as a potential diagnostic marker of ICC given its abundant and highly specific RNA expression in cells of hepatocyte origin.
6-9 Therefore, we evaluated albumin RNA on paraffin-embedded tissue using branched-DNA-based probes. Branched-DNA-based RNA in situ hybridization (ISH) has distinct advantages in the evaluation of Formalin fixed paraffin embedded (FFPE) tissue:
1. Immunohistochemistry for albumin demonstrates a strong nonspecific background signal due to the ubiquitous presence of albumin in serum. 2. Using existing ISH platforms, albumin mRNA is expressed in hepatocellular carcinomas (HCCs). 7, 8, 10, 11 3. The novel RNA ISH platforms are more sensitive and specific than traditional platforms.
This study aimed to use this novel branched-DNA platform to evaluate albumin RNA ISH as a sensitive and specific diagnostic marker for ICC.
PATIENTS AND METHODS

Study Cases
Clinical and pathology databases were used to identify cases of adenocarcinoma diagnosed at the Massachusetts General Hospital (MGH) between January 2004 and December 2013. Formalin-fixed specimens of ICC, HCC, and normal liver cases were selected. The distinction of ICC from perihilar carcinomas was based on evaluation of the surgical specimen, imaging, and the operative report. Primary adenocarcinomas and the corresponding liver metastases evaluated included tumors arising in the lung (n = 22), esophagus and gastroesophageal junction (n = 40), stomach (n = 72), colon (n = 40), pancreas (n = 210), renal cells (n = 46), breast (n = 34), bladder (n = 8), endometrium (n = 8), and ovary (n = 6), representing the most common carcinomas that metastasize to the liver.
All types of tumor were placed on tissue microarrays constructed using 2-mm cores of paraffin-embedded tissue. Entire sections of 30 ICC and 30 pancreatic ductal adenocarcinomas were evaluated. An additional cohort of ICCs from the Medical College of Wisconsin also were evaluated. In addition to the known tumor types, 27 tumors of unknown origin were evaluated.
This study was approved by the institutional review boards at the MGH and the Medical College of Wisconsin.
RNA ISH Platform
In this study, ISH was performed with ViewRNA technology (Affymetrix, Santa Clara, CA, UDA) using manual and automated platforms (see Supplementary Material 1 for automated platform). The basis for View-RNA ISH assays is branched-DNA technology wherein signal amplification is achieved via a series of sequential hybridization steps (Fig. 1) . A probe is composed of multiple oligonucleotides. The gene-specific oligonucleotide pairs hybridize to the target RNA. A signal amplification structure is created via serial hybridization steps in which a single preamplifier molecule hybridizes to each oligonucleotide probe pair. Multiple amplifier (AMP) molecules then hybridize to each preAMP, and multiple alkaline phosphatase-conjugated-label probes hybridize to each amplifier. Each fully assembled signal amplification structure has approximately 400 binding sites for the APlabeled probe. After addition of the fast-red substrate, AP catalyzes the substrate to form a red dot or diffuse precipitate that allows detection of RNA transcripts in situ.
For these experiments, the albumin ISH probe (Affymetrix, Santa Clara, CA, USA) was designed using the National Center for Biotechnology Information (NCBI) nucleotide database (see Supplementary Data 2). Cases that lacked reactivity for albumin were stained with glyceraldehyde phosphate dehydrogenase, a ubiquitously expressed gene, to assess the integrity of mRNA. Normal liver tissue served as a positive control substance. Mesenchymal cells and lymphoid cells served as negative control substances. Replicates were examined in 21 ICC cases, with no differences in either the intensity or the distribution of stain. Automation analysis was performed on the BondRx platform (Leica Biosystem, Buffalo Grove, IL, USA) (also see Supplementary Material 1).
Quantitative Analysis
The specificity of the signal allowed for semiquantitative analysis, and the percentage of positive tumor cells was recorded at intervals of 5 %.
RESULTS
A total of 462 paraffin-embedded samples were stained for albumin via RNA ISH. Normal liver, HCC, extrahepatic biliary tract carcinomas, and ICCs were evaluated. Primary adenocarcinomas and metastatic liver lesions arising from pancreas, stomach, esophagus, colon, breast, ovary, endometrium, and bladder were evaluated with the albumin RNA ISH probe.
Albumin RNA ISH Staining of Normal Liver
To assess the prevalence of albumin as a specific marker of liver origin, 32 normal liver specimens were stained. Hepatocytes were strongly positive for albumin, whereas Kupffer cells, endothelial cells, fibroblasts, and stroma did not stain. Only a few interlobular bile ducts showed positive test results for albumin. However, reactive bile ductules in the setting of chronic hepatitis or biliary disease consistently tested positive for albumin.
Albumin RNA ISH of Hepatocellular Carcinoma
All 42 resected HCCs stained positively for albumin regardless of tumor grade. Findings showed 8 tumors to be well differentiated, 22 to be moderately differentiated, and 12 to be poorly differentiated, yet all demonstrated a diffuse expression pattern (Fig. 2) .
Albumin RNA ISH of ICC
A total of 83 resected ICC cases from MGH and the Medical College of Wisconsin were stained with albumin RNA ISH. The median age of the patients was 65 years. The median tumor size was 5.5 cm, and 18.2 % of the patients had positive lymph nodes. Microvascular invasion was identified in 29 cases (52.7 %). An R0 resection was achieved for 49 (89.1 %) of 55 resected patients. The median overall survival period for the MGH cohort was 73 months.
Of the 83 cases from MGH and the Medical College of Wisconsin, 82 ICCs (99 %) tested positive for albumin (Fig. 3) . The majority of the tumors (79 %) demonstrated reactivity in more than 50 % of the tumor cells (Fig. 3) . The pattern of reactivity generally was similar to that seen in HCC, but notably, the signal intensity per tumor cell in ICCs was less than that seen in HCCs. The positively stained tumors showed heterogeneity of staining, with reactivity ranging from 5 to 100 % of tumor cells. Staining intensity did not correlate significantly with overall survival.
Extrahepatic Bile Duct Carcinomas
Extrahepatic bile duct carcinomas appear histologically similar to ICC, but it is well known that the natural histories of these diseases are quite distinct. Consistent with these differences, albumin RNA ISH was completely negative in both perihilar adenocarcinomas (n = 24) and mid-distal bile duct adenocarcinomas (n = 22).
Albumin RNA ISH of Other Carcinomas
Clinically, the most difficult diagnostic problem has been the differentiation of ICC from metastatic adenocarcinoma to the liver. Therefore, we tested various types of metastatic adenocarcinomas with albumin RNA ISH. The primary adenocarcinoma and metastases from the lung (n = 22), pancreas (n = 210), esophagus and gastroesophageal junction (n = 40), stomach (n = 72), colon (n = 40), bladder (transitional cell carcinoma) (n = 8), ovary (n = 6), endometrium (n = 8), renal cells (n = 46), and breast (n = 34) were evaluated. All the tumors tested negative for albumin.
Tumors of Unknown Origin
Tumors of unknown origin also present a significant clinical dilemma because the diagnosis is based on exclusion, and treatment regimens have not been established. We evaluated 27 intrahepatic adenocarcinomas whose origin remained uncertain after detailed clinical, radiologic, pathologic, and immunohistochemical evaluations. Six of these tumors (22 %) tested positive for albumin and were therefore reclassified as ICC. The remaining 21 cancers tested negative for albumin.
DISCUSSION
Intrahepatic cholangiocarcinoma presents a diagnostic dilemma for clinicians because no definitive immunohistochemical markers are available. However, patients cannot be treated without a definitive diagnosis. The liver is a preferred metastatic site for many different tumor types. If the primary site is not known, extensive immunohistochemical staining of the liver biopsy must be performed.
For ICC, no specific diagnostic marker exists. Therefore, patients undergo multiple invasive and noninvasive procedures to rule out a primary extra hepatic cancer. Often, patients undergo upper gastrointestinal endoscopies, colonoscopies, cervical pap smears, mammograms, positron emission tomography, computed tomography, and magnetic resonance imaging. These studies inflict a significant amount of stress on the patient, delay their care, and expose them to small but real risks of radiation and perforation. Thousands of dollars are spent on this extensive workup before the initiation of chemotherapy or surgical resection.
Patients and physicians urgently need a sensitive and specific biomarker for ICC. Albumin RNA ISH represents the solution to this clinical conundrum because it is a highly specific and sensitive marker for ICC (Fig. 4) . Almost all ICCs (99 %) from two institutions tested positive for albumin, whereas adenocarcinomas that typically metastasize to the liver (gastrointestinal, pulmonary system, or breast adenocarcinomas) tested negative for albumin.
Albumin also represents a highly specific and sensitive marker for HCC. Whereas histologic evaluation typically cannot distinguish an ICC from metastatic adenocarcinoma, HCC generally can be distinguished from ICC with conventional histology and immunohistochemistry. In the current series, ICCs were distinguished from HCCs with certainty on an hemotoxylin and eosin (H&E) stain. In cases with overlapping features, glypican 3, Hep Par 1, and arginase-1 were used. 12, 13 The presence of albumin also supports the hypothesis that ICC has greater similarity to HCC than to extrahepatic biliary carcinoma. Genetically engineered mouse models using an albumin-Cre system with liver-specific inactivation of Nf2, Mst1/Mst2 develop HCC and ICC.
12,14-16 A more recent model of ICC that closely resembles its human counterpart used an albumin-Cre-mediated somatic activation of Kras G12D and a deletion of p53 on histopathology. Although the majority of tumors were ICCs, HCCs also were identified. 15 These data together with our data suggest that HCC and ICC arise from a common progenitor cell. Unlike ICC and HCC, perihilar and distal bile duct carcinomas were uniformly negative for albumin. Although perihilar and distal bile duct carcinomas also are sometimes referred to as cholangiocarcinomas, recent data suggest that these tumors are genetically distinct from ICCs (e.g., mutations in Isocitrate dehydrogenase 1/2 (IDH1/2) are much more common in ICC). [14] [15] [16] [17] Our data also support the hypothesis that ICCs are biologically and genetically distinct from perihilar and extrahepatic bile duct carcinomas. Whereas ICCs are derived from a progenitor cell capable of hepatic and cholangiocytic differentiation, the progenitor cell of bile duct carcinoma is restricted to a cholangiocytic lineage.
Currently, the distinction between perihilar cholangiocarcinoma and ICC is based on the epicenter of the lesion, an often subjective exercise. We propose replacing this subjective paradigm with albumin RNA ISH because it is specific for ICC. Improved classification of these cancers based on molecular differences inherent to the cell of origin will improve our understanding of the cancer and also help in the designing of better cohorts for clinical trials.
Approximately 3-5 % of all cancers have no identifiable primary site. 1, 18, 19 In this era of targeted therapy, making a definitive diagnosis has become even more important. Because albumin is sensitive and specific for ICC, it is a useful marker for evaluating carcinomas of unknown origin. In our series, 22 % of the carcinomas of unknown origin tested positive for albumin.
In addition to IDH1/2 mutations, genomic studies also have shown actionable recurrent translocation events involving the fibroblast growth factor receptor 2 (FGFR2) locus in ICCs. 20 For patients with ICC rather than carcinoma of unknown origin, albumin RNA ISH would both limit the need for extensive radiologic and endoscopic evaluations and assist in the identification of tumors with actionable mutations that can be treated by targeted therapies. 3, 21 This study investigated whole tissue sections and tissue microarrays, confirming that RNA ISH can be performed on both surgically resected specimens and more limited tissue samples such as fine-needle aspirates and core biopsies. This novel technology cannot be replaced by an immunohistochemical assay for albumin due to the ubiquitous presence of albumin in both normal and neoplastic cells, making immunohistochemistry extremely difficult to interpret. Prior studies failed to detect albumin reliably in ICCs because they were unable to detect low abundance transcripts. 6, 7 The branch-chain ISH platform amplifies the signal via a branched-chain technique. In addition to its high sensitivity, the platform also has a minimal nonspecific background signal compared with immunohistochemistry. Whereas RNA ISH has been used in the research laboratory for many decades, tissue-based RNA diagnostics have only recently been introduced. Our ability to detect albumin on an automated platform in virtually all ICCs with a minimal nonspecific signal is a significant advance compared with prior studies. 6, 7 Gene expression profiling has been successfully used to locate a tumor's site of origin when histology and immunohistochemistry have been unable to make a diagnosis. 22, 23 A significant disadvantage of expression profiling is that the gene signature is an aggregate signal of tumor cells, stroma, and other mesenchymal elements that accompany the tumor, thus decreasing the sensitivity and specificity. 23, 24 The RNA ISH platform has a significant advantage because it preserves the morphologic detail of the tissue. Therefore, albumin staining can be localized to tumor or normal cells. Moreover, the branch-chain nucleic acid ISH assay is amenable to automation and hence could be adopted by most diagnostic clinical laboratories.
Albumin ISH provides a sensitive and specific marker for ICC. This test can be performed on a needle biopsy or a large specimen. Because the test is automated, it can be performed rapidly, allowing patients to forego numerous invasive and diagnostic tests. Albumin ISH should be used for all patients with a liver mass in which no primary malignancy was identified before they were subjected to extensive unnecessary testing.
